A seismic refraction experiment along a m across the Lesser Antilles island arc in the eastern Caribbean has shown that the crust beneath the arc contains two refractors with average seismic velocities of 6.2 and 6.9 km/s. The upper, 6.2 km/s refractor varies in depth and shows large fluctuations in its seismic velocity. The layer betweeen the refractors has an average thickness of about 10 km, and varies between 2 and 20 km. The total thickness of the crust of the arc is about 30 km beneath Martinique and about 35 km beneath St Vincent. The approximate depths of the Moho beneath the centres of Grenada and Tobago Troughs either side of the arc are 21 and 25 km respectively. Both these troughs, although of different origin, are underlain by crust of modified oceanic type.
were operated by Leicester University. A hydrophone station was provided at two locations on line B by the NOAA Ocean Survey Ship Discoverer with equipment from Durham. For lines B and C the only station which was operated north of St Lucia was station 22. One of the stations on Barbados was transferred to Aves Island for line C.
The seismic sources used were 300 lb Mk 7* depth charges dropped by HMS fleclu at the positions shown in Fig. 2 . Shot positions were fixed by radar and visual sights near land, and away from land by satellite navigator, with dead reckoning between fixes using tautwire measuring gear. Positions were checked using water-wave ranges and by comparison of bathymetry measured along the shot lines with that from more accurately controlled surveys (Kearey 1974; Westbrook 1975) . The errors of navigation near the islands are better than k 0.4 km, elsewhere they are f 2.0 km. The average depth of detonation in deep water was 130 m. In shallower water the charges were detonated on the seabed.
Results along the island arc, line A
The analysis of the results was accomplished using three techniques: conventional reversed profile analysis, the time-term method, and analysis of minus time. The relatively wide spacing of shots and stations precluded any effective use of ray tracing techniques on the highly variable structure along the arc. The first arrival times for line A are plotted against station and shot position in Fig. 3 . Examples of reduced seismograms for two stations are shown in Figs 4 and 5. Polarization filtering of the data from the three-component stations was used to aid identification of P wave arrivals on the more noisy records, and was also useful in discriminating S waves (Boynton 1974) .
From examination of the graphs, arrivals with an apparent velocity of about 6.2 km/s are seen to be characteristic of the range 10 to 90 km. Beyond 90 krn, first arrivals have an average apparent velocity of about 7.0 h / s . No arrivals were observed with velocities characteristic of the upper mantle. The spacing of the shots was too wide to give detailed definition of velocity and layering in the upper layers consisting of lavas and volcanogenic C ff. Boynton et al. sediments. However, data from close shots and previous refraction experiments shown in Fig. 2 (Officer et al. 1959) indicate an average velocity for the material above the 6.2 km/s refractor of about 3.3 km/s.
U P P E R C R U S T A L L A Y E R
After identification by preliminary reversed-profile analysis of arrivals from ranges between 10 and 90 km, the arrivals which appeared to be head-waves from a refractor of velocity around 6.0 km/s were subjected to time-term analysis. An iterative method based on that of Mereu (1966) was used. The velocity derived for the refractor was 6.2 km/s (s=O.16 s, where s is the estimator of the standard deviation of the solution). The solutions for the time-terms are not unique because there was no coincidence between any of the shot and station positions. The time-terms given in Appendix 3 were obtained by minimizing the difference between time-terms for shots and stations which are close together where there appears to be little relief on the refractor. The travel-times used in the solution were not corrected for shot depth or station height. These were taken into account later when the depths of refractors were calculated. The data were divided into four subsets and time-term analysis carried out on each subset. The velocities for these were as follows: shot 0.2 to station 22 u = 6.14, station 1 to station 11 u = 6.13, station 13 to station 3 u = 6.14, station 3 to shot 29 u = 5.99 km/s. These subsets gave slightly lower velocities than that from the overall solution, possibly because of an increase of velocity with depth, and possibly because some arrivals from a deeper refractor may have been inadvertently included in the overall solution. Time-terms derived from the subsets were not significantly different from those given for the whole group in Appendix 3. A modified version of the time-term method in which allowance was made for the dip of the refractor was also used, but it did not give an improved solution. The depths of the refractor beneath shots and stations were derived using the average velocity for the overlying rocks of 3.3 km/s. The depth to this upper crustal layer vanes along the island arc (Fig. 6 ). In general, the upper crustal layer is shallower beneath the islands and deeper between them, reaching a maximum estimated depth of 7.3 km between Martinique and Dominica.
In some areas the velocity appeared to deviate significantly from 6.2 km/s. These variations in velocity were assessed by calculating minus times (Hagedoorn 1959) and finding the mean velocity between each shot or station pair (Fig. 7) . It is not possible to calculate s for each mean velocity, because the individual estimates are not independent, but it is reasonable to expect that s for the distribution of velocity estimates (inner error bars in Fig. 7 ) will be more than s for the mean. An error in the position of a shot produces an overestimate of velocity in one and an underestimate in the other of the two shot pairs sharing that shot, and this is probably the cause of the oscillation of velocity estimates shown in parts of Fig. 7 . The smoothed curve shown by the dashed line is probably more representative of the velocity variation. There are zones of high velocity (around 7.0 kmls) in the region of Carriacou, between St Vincent and St Lucia, in the southern part of Martinique and in the northern part of Dominica. There is also a zone of low velocity (about 5.3 km/s) between Martinique and St Lucia.
The velocity variations shown by the minus analysis may diminish the validity of the time-term analysis and thus the apparent variations in refractor depth (Fig. 6 ) need to be re-examined. Consequently the data was split into groups which did not include shot-station links with ray paths passing through the zones of high or low velocity and the time-term solution for each group were obtained. The velocity determinations for these groups were as follows: shots 21L29, 5.9 km/s; stations 3-13, 6.1 kmls; stations 2-24, 6.4 km/s; shot 32, station 18, 6.0 km/s. The time-terms are not strikingly different from those obtained from the overall solution. The depth estimates for the refractor are shown by the dashed line in Fig. 6 .
Some segments on the travel-time graphs along line A (Fig. 3) show apparent velocities of about 7.0 km/s. Unfortunately, only two small sections of the line are truly reversed so the true velocity in the refractor cannot be estimated unambiguously. However, the apparent velocities given by all the segments are similar to each other, which suggests that 7.0 km/s is likely to be near to the true velocity. The velocity obtained from the time-term solution is 6.9 * 0.2 km/s. Fig. 6 shows the time-term-derived profile of the lower crustal layer along the arc for a refractor velocity of 6.9 km/s.
In obtaining the depth of the lower crustal layer, the shot time-terms were related to the station time-terms by applying two constraints: (a) by minimizing the change in depth between adjacent shots and stations, and (b) by keeping the top of the lower crustal layer at sufficient depth for the travel times to exceed those of observed first arrivals from the upper crustal layer. Values of s on some of the time-terms are quite large so the detailed variations of shape of the interface should not be regarded as having great significance. The horizontal offsets from the stations of the points at which the refracted rays left the refractor and the spatial distribution of travel-time residuals were taken into account in plotting the position of the refractor. Grenada and St Lucia shows that there are strong S arrivals from the upper crustal layer.
The S waves are probably generated at the sea bed by conversion from P waves. Conversion at the surface of the upper crustal layer appears to be impossible, because the S wave velocity in the upper crustal layer is less than or equal to the P wave velocity above it.
S-wave and P-wave travel times from the upper crustal refractor, after correction for the delay associated with travel through water at the shot point, were used t o estimate Poisson's ratio. The mean value obtained was 0.267 f 0.007, representing the material within and above the upper crustal layer. Estimates of Poisson's ratio derived from the apparent velocities of S and P in the upper crustal layer gave a slightly lower estimate of 0.260 f 0.008. These values are typical of basic and intermediate igneous rocks, suggesting the overall fraction of magma in the upper crust is negligible. Clear S-wave arrivals were not observed from the lower crustal layer, and this may result from small quantities of melt in the lower crust producing strong attenuation. top of a 7.4 km/s refractor was also tried, but this gave a poorer solution than the simple headwave model. The solution is still ambiguous, with a possible range of refractor velocities between 7.8 and 9.2 km/s at the 95 per cent confidence limit. In order to obtain a more comprehensive picture of the structure beneath the Grenada Trough, a model was derived from the gravity data, incorporating seismic reflection control on the upper sedimentary layers and using seismic refraction data to constrain parts of the model (Fig. 9 ). Densities were derived from seismic velocities using the empirical relationship of Ludwig, Nafe & Drake (1971). The travel times for line B predicted by ray-tracing through the model to station 12 on St Vincent because the station is offset from the gravity line were estimated using the upper crustal structure beneath the station derived from line A data. Table 1 shows that the timeterms derived from this model show good correspondence with the observed time-terms for a refractor velocity of 8.2 km/s. Time-terms for the 6.2 km/s layer near the arc are also shown in Table 1 . The most obvious feature of the structure derived from modelling is the change in the .depth to the Moho from the Grenada Trough to the arc and to the Aves Ridge, as shown by earlier gravity models (Kearey 1974; Westbrook 1975; Bowin 1976) . The crustal structure is now determined with greater confidence than by gravity alone.
Results from the Tobago Trough, line B
The detailed structure of the sediments and the upper part of the crust between the island arc and Barbados is given by Westbrook (1975) . Beneath a sedimentary cover thickening to the east, a refracting layer was found with a velocity of 6.3 km/s in the western part of the trough and 7.0 km/s in the eastern part, the dip of the refractor steepening from 4.8' to 8.0" from west to east.
Arrivals from line B shots in Tobago Trough with apparent velocities of 7.03, 7.57'and 7.76 km/s were observed at stations in Martinique, Carriacou (Fig. 10) and Grenada respectively. These are interpreted as Moho refractions, the low apparent velocity principally arising from the great thickening of the sediments towards Barbados. Our interpretation of the structure beneath the Tobago Trough is summarized in Fig. 1 1. Reversed-profile analysis and the time-term method were used to derive the structure of the upper refractors. The depths to Moho have been estimated from the time-terms, assuming an 8.2 km/s sub-Moho velocity. Fig. 11 shows that the Moho derived from time-terms corresponds more closely to the Moho from the gravity model incorporating the gravitational attraction of the subducted lithosphere than one in which it is omitted (Westbrook 1975) .
5 Aves Ridge, line C A previous shallow refraction survey of Aves Island (Gallovich & Aguilera 1970) showed four layers beneath with seismic velocities of 1.5-1.6, 2.3-2.5,2.9-3.4 and 4.0-4.5 km/s, the depth to the lowest layer being 0.07 km. First arrivals from shots on line C, out to a distance of 70 km, were observed at our station on Aves Island with an apparent velocity of 5.1 km/s and an intercept of 1.7 s (Fig. 12) . As no higher velocity arrivals were observed, we assume that this refractor forms the main upper crustal layer, possibly dipping towards the south. At 120 km south of Aves Island, line 30 of Officer el al. (1959) gives a velocity for the upper crustal layer of 6.15 km/s. A southward dip of 9" on the 5.1 km/s refractor would be required if its true velocity were 6.15 km/s. Such a dip is too steep to be consistent with other geophysical data (Officer et al. 1959; Kearey 1974) , suggesting lateral variations in the upper crust beneath the Aves Ridge.
The Moho beneath the island arc
The seismic experiment provided sparse information directly related to the depth of the Moho beneath the island arc. Arrivals from the Moho were not recognized from the shots on line A. This may be partly because of the noisy stations and partly because the curvihure of the arc may be too great to allow such a ray path at the crossover distance.
The time-terms for stations along the arc derived from Moho refracted arrivals from shots in the Grenada Trough (Fig. 9) do not directly indicate the depth to the Moho beneath these stations. This is because the seismic waves are refracted or diffracted from the base of the crust at the edge of the island arc structure. The effect of this should be greatest when the seismic waves approach the arc perpendicularly, and should be less when the angle of approach is more acute to the line of the arc. The observations support this inference. The time-terms for stations on St Vincent and St Lucia are smaller than those for Martinique and Carriacou. When the delay down to the 6.9 km/s refractor is subtracted, zero or negative residual time terms are obtained for the St Vincent and St Lucia stations whereas positive residuals are obtained for Martinique and Carriacou, yielding minimum crustal thickness estimates of 23.5 and 23.1 km respectively. Our depth estimates of the Moho beneath St Vincent thus depend on the use of gravity data (Fig. 9) .
Seismic waves from the shots in the Tobago Trough travel nearly parallel with the arc to station 22 on Martinique. The Moho time-term for this distant station is not so subject to The variation of seismic velocity in the upper crustal layer of the island arc is taken to reflect the variation in the rock types composing it, with the highest velocities being representative of basic igneous intrusives and the lower velocities coming from igneous extrusives and possibly volcanogenic sediments. The average velocity of 6.2 km/s indicates that plutonic rocks of overall intermediate composition form the bulk of the upper crustal layer.
The interpretation of the seismic data shows that the upper part of the crust of the island arc is very variable. The relief on the top of the main upper crustal layer is substantial indicating that, in general, intrusive igneous rocks which probably make up the bulk of this layer are shallower beneath the islands than between them, where thick pockets of volcanogenic sediment are situated. From this it may be inferred that the volcanic centres are fairly permanent once established, successive intrusion adding material beneath the islands rather than between them. This relationship is not so clear in the southern part of the arc, where at least two major episodes of vulcanism have become superimposed, producing a more complex structure (Tomblin 1975; Lewis & Robinson 1976) .
The rocks overlying the upper crustal layer which are lumped together as the 3.3 km/s layer in the seismic analysis are mainly lavas, pyroclastic material and sediments.
The seismic velocity of the lower crustal layer indicates a basic composition. The interpretation of this layer is problematical but it is generally too thick to be composed entirely of original oceanic crust on which the arc was formed. The top of it may be the oceanic layer 3. Alternatively, it may be largely composed of igneous cumulates with the old ocean crust situated near the bottom of the layer or broken up within it. The presence of cumulate rocks in the crust beneath the arc is indicated by their occurrence as xenoliths in lavas (Lewis 1973; Wills 1974) .
The upper surface of the lower crustal layer is laterally variable in its character, giving reflections in some regions and none in others. It must represent several different forms of geological boundary, giving a rapid change in velocity or gradual transition. The surface may be very irregular in places.
The areas along the arc which show high seismic velocities for the upper crustal layer (Fig. 6) are typically those where the lower crustal layer is close to the surface and gravity is locally high (Kearey, Peter & Westbrook 1975) . However, the region of high velocity and gravity between St Vincent and St Lucia (Westbrook 1975) does not appear to correspond to a rise in the lower crustal layer. It may thus be related to a high-level basic pluton isolated from the main body of basic material in the lower crust.
The gross structure of the crust of the Lesser Antilles arc is similar to that of several other island arcs (Fig. 13) ; the occurrence of its two main crustal layers is characteristic of arcs. The crustal thickness of the Lesser Antilles arc of 30 km places it with older mature island arcs, consistent with its Eocene or earlier age (Lewis & Robinson 1976) .
The average seismic velocity of the upper crustal layer is generally greater for arcs with thick crust than for those with thin crust. This may be because the proportions of plutonic rocks in the upper layer becomes larger with age, progressively increasing its average seismic velocity. Evidence for the fractionation of plutonic rocks at high levels in the crust of the Lesser Antilles has been presented by Powell (1 978).
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G R E N A D A T R O U G H
The thickness of the sub-sedimentary crust beneath the Grenada Trough is about 14 km. It appears to be crust of oceanic type and possibly produced by back-arc spreading. If the effect of the isostatic loading of the 4 km of sediments were removed, the depth to the igneous crust would be 4.8 km, which, considering the thickness of the crust, indicates a significant time lapse since the formation, allowing it to cool and subside (Sclater 1972) . The fast sub-Moho velocity and the substantial thickness of sediment also suggest that the Grenada Trough is an old feature, more than 40 Ma, and possibly about 80 Ma. Rial (1 976) has shown from a study of earthquake ray paths the presence of low-velocity upper mantle beneath and behind the Lesser Antilles at a depth less than 200 km. While this must reflect high temperature in the upper mantle, it cannot be related to any current backarc spreading.
T O B A G O T R O U G H
The crust beneath the Tobago Trough shows a marked change midway between Barbados and St Vincent, where it starts to thicken westward toward the island arc, incorporating an additional layer of velocity 6.3 km/s. This thickening must be associated with the formation of the island arc. In the east of the Trough, the 7.0 km/s layer may be overlain by an oceanic crustal layer 2, but such a layer is too thin to be resolved by existing seismic refraction data.
The 7 .O km/s layer is probably layer 3 of the oceanic crust upon which the Lesser Antilles arc formed, and as such it may be the oldest crust in the area. In the eastern part of the Trough its average thickness is 12 km, which exceeds that of layer 3 in the Atlantic Ocean crust east of the Barbados Ridge Complex which is 6-7 km thick Westbrook et al. 1973) . The crust may have been thickened tectonically early in the history of the arc; however, the undisturbed nature of the overlying sediments precludes deformation younger than Oligocene except in the easternmost part of the Trough (Westbrook 1975) . Curray et al. (1 977) have found similar thick crust in front of the Java arc.
Conclusions
(1) Beneath the uppermost 1-5 km of crust, comprising lavas, pyroclastic deposits and sediments, the island arc is made up of two layers with average refractor velocities at their top surfaces of 6.2 and 6.9 km/s.
(2) The upper crustal layer varies in thickness from 2 to 20 km, and in seismic velocity from 5.3 to 7.0 km/s, which indicates much lateral variation in the geological composition of the upper crustal layer of the island arc, ranging from basic igneous plutons to lavas. The average velocity of 6.2 kmfs, however, suggests that it is dominated by plutonic rocks of intermediate composition. The values obtained for Poisson's ratio in the upper crust show that the overall fraction of magma present in it is negligible.
(3) The relief of the surface of the upper crustal layer, rising beneath the islands and dipping between them, reflects the tendency of successive intrusions to reinforce existing volcanic centres rather than form new ones.
(4) The lower crustal layer, with a seismic velocity of 6.9 km/s, is dominantly of basic composition and its probably made up from layer 3 of the oceanic crust on which the island arc formed and gabbros and basic cumulates left in magma chambers associated with the volcanism of the arc. The boundary between the upper and lower crustal layers is irregular, and is probably gradational in places.
(5) The thickness of crust of the arc beneath Martinique has been established by the experiment to be 30 km. A combined analysis of gravity and seismic data indicates that the crust is 35 km thick beneath St Vincent.
( 6 ) The general structure of the crust beneath the Grenada Trough is as follows: 2.9 km of water, 4.2 km of sediment, 2 km of 5.3 km/s (lavas and dykes?), 6.2 km of 6.2 km/s (sheeted dykes?), 6.0 km of 7.4 km/s (gabbros and more mafic cumulates?). This appears to be crust of thickened oceanic type similar to that beneath the Venezuelan Basin of the Carribean (Officer et al., 1959; Ludwig, Houtz & Ewing 1975) , and it may have been formed by back-arc spreading more than 40 Ma ago.
(7) The Tobago Trough is underlain by crust of probable oceanic origin, of which the main element is a layer 12 km thick with a refractor velocity 7.0 km/s. It thickens from the centre of the Trough towards the arc with the addition of a layer of 6.3 km/s as a consequence of the formation of the arc. Its overall thickening, as compared with normal oceanic crust, may have been tectonically induced early in the history of the arc.
(8) The substantial thickness of the crust of the Lesser Antilles island arc and its high average upper crustal layer velocity, both of which are indicators of a long history of igneous intrusion, place it with the older mature island arcs of the world. Appendix 3. Time-terms a r e shown with t h e c a l c u l a t e d standard e r r o r s and numbers of observations (in b r a c k e t s ) .
TIME-TERMS FOR THE UPPER CRUSTAL LAYER ALONG LINE
